We screened for mutations affecting retinotectal axonal projection in Medaka, Oryzias latipes. In wild-type Medaka embryos, all the axons of retinal ganglion cells (RGCs) project to the contralateral tectum, such that the topological relationship of the retinal field is maintained. We labeled RGC axons using DiI/DiO at the nasodorsal and temporoventral positions of the retina, and screened for mutations affecting the pattern of stereotypic projections to the tectum. By screening 184 mutagenized haploid genomes, seven mutations in five genes causing defects in axonal pathfinding were identified, whereas mutations affecting the topographic projection of RGC axons were not found. The mutants were grouped into two classes according to their phenotypes. In mutants of Class I, a subpopulation of the RGC axons branched out either immediately after leaving the eye or after reaching the midline, and this axonal subpopulation projected to the ipsilateral tectum. In mutants of Class II, subpopulations of RGC axons branched out after crossing the midline and projected aberrantly. These mutants will provide clues to understanding the functions of genes essential for axonal pathfinding, which may be conserved or partly divergent among vertebrates.
Introduction
Axons originating from retinal ganglion cells (RGCs) project to visual centers of the central nervous system, primarily the optic tectum in nonmammalian vertebrates. Retinotectal axonal projection has been studied as a model system to reveal molecular mechanisms underlying the establishment of the neural network (Sperry, 1963; Holt and Harris, 1993; Monnier et al., 2002) , since this system comprises various aspects of neural network formation. The formation of a retinotectal axonal projection is divided into three major steps; (1) RGC axons navigate through the diencephalon and project to the tectum. (2) RGC axons project topographically to the tectum such that neighboring RGCs connect with neighboring cells in the tectum, thereby precisely transmitting the spatial relationships of images in the retina to the tectum . (3) After RGC axons project to the proper location in the tectum, axonal arborization is refined by an activity-dependent process (Katz and Shatz, 1996; Gnuegge et al., 2001; Ruthazer et al., 2003) .
Various genes involved in the process of axonal pathfinding have been identified on the basis of their activities in in vitro culture systems, or in genetically manipulated animals Zallen et al., 1999) . netrins, roundabout, slits and semaphorins are some such examples (Yu and Bargmann, 2001; Dickson, 2002) . Mutants identified in Drosophila and Caenorhabditis elegans provided genetic evidence for the mechanisms of determining axonal paths (Ishii et al., 1992; Seeger et al., 1993) . These studies led to the notion that multiple molecules function cooperatively and with a certain degree of redundancy, possibly to ensure the fidelity of axonal connections. In vertebrates as well, mutations affecting axonal paths should provide important information on the molecular mechanisms of establishing neural networks.
Small teleosts such as zebrafish and Medaka are beneficial in mutagenesis screens for gene functions involved in neural network development. The ease of observing nerves in developing embryos of these two species also facilitates the analysis (Hutson and Chien, 2002; Bak and Fraser, 2003) .
A screen for mutations affecting retinotectal axonal projection was successfully carried out in zebrafish Karlstrom et al., 1996; Trowe et al., 1996) . Baier et al. (1996) developed a refined technique of visualizing paths and the topographic projection of RGC axons in the tectum in zebrafish by injecting either DiI or DiO in defined positions of the retina of fixed embryos. They adopted this method to screen for mutations affecting RGC axons. The majority of mutants showed abnormalities in axonal pathfinding and the rest of mutants showed defects in topographic projection. The former group of mutations was grouped into five phenotypic classes; (I) ipsilateral projection (seven genes), (II) pathfinding errors within the eyes (two genes), (III) reduced midline crossing (three genes), (IV) missorting of axons in the optic tract (three genes) and (V) anterior -posterior pathfinding errors (five genes). The latter group of mutations includes those that affect axonal sorting (three genes), mapping (four genes), termination (six genes) and tectum morphology (four genes). These zebrafish mutations provided genetical evidence for mechanisms underlying retinotectal axonal projection. Many of these zebrafish mutants were associated with defects of other tissues, in particular the midline structures.
We adopted the method developed by Baier et al. (1996) to screen for mutations in Medaka affecting retinotectal axonal projection. Medaka is evolutionarily distant from zebrafish (160 million years apart in phylogeny) and therefore has a different genomic background (Wittbrodt et al., 2002) . In a small-scale screen using Medaka for mutations affecting eye formation, a spectra of phenotypes distinct from those of zebrafish were observed (Loosli et al., 2000) . Here we present an initial characterization of the retinotectal axonal projection mutants of Medaka isolated in a systematic mutagenesis screen.
Results

Time course of development of RGC axons in Medaka
We first examined the development of RGC axons in wild-type Medaka embryos by visualizing RGC axons at different stages of embryogenesis.
For embryos at stages earlier than stage 30 (st. 30, 80 hours post-fertilization (hpf)), whole-mount immunostaining using an anti-acetylated tubulin antibody was carried out. RGC axons had not developed yet at st. 24 (44 hpf) (Fig. 1A) , began to come out of the retina at st. 26 (54 hpf) (Fig. 1B, arrows) , and axonal growth cones began to cross the midline in some of the embryos at st. 27 (58 hpf) (Fig. 1C,D,  arrows ). An optic chiasm was formed by RGC axons crossing the midline at st. 30 (82 hpf) (Fig. 1E, arrow) .
Embryos at later stages were analyzed by labeling the multiple positions of the left eye with DiI in fixed specimens. The left eye was removed after the axonal growth cones were labeled with the dye (Fig. 1F -H , dashed circle). DAPI was used to stain the nuclear DNA to demarcate the tectum. At st. 32 (4 days post-fertilization (dpf)) RGC axonal growth cones began to penetrate into the contralateral tectum (Fig. 1F,F 0 , arrow). When observed at st. 36 (6 dpf) and st. 39 (9 dpf), the tectum was densely covered by the projected RGC axons (Fig. 1G,G 0 ,H,H 0 ). The most lateral, caudal and medial edges of the tectum are called the proliferation zones, where radial columnar cells are continuously generated and added (Nguyen et al., 1999) . RGC axons were observed neither in these proliferation zones ( Fig. 1G 0 ,H 0 , arrow) nor in the periphery of the nonproliferation zone (Fig. 1G 0 ,H 0 , arrowhead).
Mutations affecting retinotectal pathfinding
To gain insight into the molecular mechanisms underlying the tectal projection of RGC axons, we carried out a screen for mutations affecting this projection in Medaka. We screened F3 embryos homozygous for mutations induced by ENU at st. 39 (9 dpf) when the optic tectum is covered by the projected RGC axons (Fig. 1H,H 0 ). In the initial screening we injected DiI (red fluorescence) and DiO (green florescence) into the nasodorsal and temporoventral positions of the left retina, respectively, of fixed embryos at st. 39 (Fig. 1I) , to distinguish nasodorsal axons terminating at the posterolateral region of the tectum from temporoventral axons terminating at the anteromedial region of the tectum (Fig. 1J) . Labeled RGC axons passed through the ventral surface of the diencephalon crossing the midline forming the chiasm (Fig. 1J, arrowhead) , then grew further in the dorsoposterior direction and penetrated to the contralateral tectum. Alterations in this typical pattern of projection and the intermediate path of RGC axons were screened. By screening 184 mutagenized haploid genomes, seven mutations affecting the retinotectal pathfinding of RGC axons were identified. No mutations affecting ). An embryo with DiI-labeled RGC axons. Axons at the midline (arrowhead) are in focus, whereas terminal points in the tectum (arrows) are less so. Scale bars indicate 100 mm. Abbreviations: d, dorsal; v, ventral; t, temporal; n, nasal; a, anterior; p, posterior; m, medial; l, lateral. Cross-sections prepared after DiI/DAPI staining. Section levels and angles are indicated in N. The sections shown in E -G, H-J and K-M were made along the planes through embryos, a, b and c, respectively. (E 0 -G 0 ) Enlarged views of the areas indicated by dashed squares in E-G. In the wild-type embryos, RGC axons enter the brain at the ventrolateral edge of the diencephalon (E, E 0 , red arrow) and extend contralaterally (E, E 0 , arrow). RGC axons in the fut mutant embryo branch at the ventrolateral edge of the diencephalon (F, F 0 , red arrow) and a subpopulation of these axons extend ipsilaterally (F, F 0 , white arrow). In the dek mutant embryos, a subpopulation of RGC axons extends ipsilaterally before reaching the midline (G, G 0 , arrow). Retinal layers and the tectum seemed unaltered in the fut (I, L) and dek (J, M) mutant embryos, compared with the wild-type embryos (H, K). However, the dek mutant embryo shows the inward protrusion of the retinae probably caused by the transformation of the optic stalk into retinal tissues (J, arrows). In addition, the diencephalon is markedly reduced in size (J, arrowhead). Abbreviations: gc, retinal ganglion cell layer; ip, inner plexiform layer; ph, photoreceptor layer; br, branch. Scale bars indicate 100 mm in A -M and 200 mm in A 0 -G 0 . the topographic projection pattern of RGC axons were identified. In subsequent analyses, we used only DiI to label RGC axons (Fig. 1K,L) . On the basis of the phenotype, these mutations were grossly grouped into two classes (Table 1 , for phenotypes see Fig. 7 ). Complementation tests of these mutations defined five genes. In mutants of Class I (comprising three genes), RGC axons diverged from the normal pathway before crossing the chiasm. In mutants of Class II (comprising two genes), multiple misrouting, exemplified by the anterior or posterior deviation from normal, occurred after the axons passed through the chiasm.
Mutations leading to ipsilateral projections (Class I)
In the wild-type embryos, RGC axons project only to the contralateral tectum ( Fig. 2A) . We identified four mutations representing three different genes leading to ipsilateral axonal projections. In futabagaki ( fut, j37-9D, j37-11D), dekopon (dek) and yadorigi (yad) mutant embryos, RGC axons from one eye projected to both the contra-and ipsilateral tecta (Fig. 2B -D, arrows) . The frequencies of embryos with ipsilateral projections derived from heterozygous crosses were 11/64, 12/53 and 4/23 for fut ( j37-9D), dek and yad mutant embryos, respectively.
The branching positions of ipsilaterally projecting axons depended on the mutated genes ( Fig. 2B 0 -D 0 , red arrow). In the fut and dek mutant embryos, a subpopulation of RGC axons started to follow an ipsilateral route immediately after they exited the eye without reaching the midline. In the yad mutant embryos, all the RGC axons reached the midline from which a subpopulation of these axons deviated from the normal route and projected to the ipsilateral tectum. In all these fut, dek and yad mutant embryos, the topographic projections of axonal termini were normal not only on the contralateral tectum but also on the ipsilateral tectum (data not shown).
To examine whether the axonal phenotypes are specific to RGC axons, we carried out the immunostaining of embryos with the anti-acetylated tubulin antibody at st. 31 (95 hpf). Cranial nerve projections were normal in all embryos derived from heterozygous crosses of fut ( j37-9D) ðn ¼ 13Þ; dek ðn ¼ 18Þ and yad ðn ¼ 24Þ mutants (data not shown), although homozygous embryos were not distinguished morphologically at this stage.
To characterize the misrouting of RGC axonal paths in these mutants, we examined cross-sections of mutant embryos injected with DiI into the retina. In the wild-type embryos, after RGC axons left the eye, all the axons extended toward the midline (Fig. 2E,E 0 , white arrow). In the fut and dek mutant embryos, the misrouted axons extended to the ipsilateral side (Fig. 2F,F 0 ,G,G 0 , white arrow). In the fut mutant embryos, the axons branched at the proximal corner of the ventral diencephalon (Fig. 2F,F 0 ) immediately after they left the eye.
The same series of sections revealed the histology of the forebrain, retina and tectum (Fig. 2H -M) . In the fut mutant embryos, the histogenesis of these neural tissues was normal (Fig. 2I,L) . In the dek mutant embryos, the optic stalk developed into the retina, resulting in the protrusion of the proximal parts of the retina to the midline where two retinal tissues abutted each other (Fig. 2J, arrows) . In the dek mutant embryos, the retinal layers and the tectum appeared normal (Fig. 2J,M ), but the diencephalon was markedly reduced in size (Fig. 2J, arrowhead) .
The yad mutant embryos did not show gross morphological abnormalities (data not shown). At st. 39 in some of the fut mutant embryos, the two retinae were closely positioned (Fig. 3B, bar) or turned in anteriorly (Fig. 3C , dashed lines) with underdeveloped jaws (Fig. 3B , arrowhead). In the dek mutant embryo and larva, the optic stalk gained retina-like tissue characteristics (Fig. 3D ,E, arrows) and gradually became pigmented during development. In some of the dek mutant embryos, the retinae were slightly turned in anteriorly (Fig. 3D, dashed lines) . In the fut, dek and yad mutant embryos, the midline structures of the trunk, such as the floorplate and the notochord, had normal morphologies (Fig. 3G , data not shown for fut and yad mutant embryos).
It has been suggested that either midline signals or midline structures are involved in the proper axonal projection of RGCs (Brand et al., 1996a) . We examined the expression of sonic hedgehog (shh) at the midline by whole-mount in situ hybridization of st. 29 (74 hpf) mutant embryos of Class I, when axons extend close to the midline (Fig. 1) . In some fut mutant embryos, shh expression was undetectable in the zona limitans intrathalamica (Zli) (4 out of 29 embryos from a heterozygous cross; Fig. 3K, arrow) , which was suggested to be a signaling center in the thalamus (Braun et al., 2003) . 
R
In the yad mutant embryos, the shh expression pattern was indistinguishable from that in their wild-type siblings (n ¼ 20; data not shown).
2.4. Mutations exhibiting multiple misrouting after passing through the chiasm (Class II)
In the ogi (ogi) (Fig. 4B -D ,B 0 ) and susuki (sus) (Fig. 4E,F) mutant embryos of Class II, the RGC axons began to follow erroneous paths after passing through the chiasm. The frequencies of the embryos exhibiting misrouting phenotypes in heterozygous crosses were 24/ 180 and 9/54 for ogi and sus mutant embryos, respectively.
In the ogi mutant embryos, a fraction of the RGC axons branched out and were misrouted either anteriorly to the telencephalon (Fig. 4B, arrow) or posteriorly to the hindbrain (Fig. 4C, arrow) . Anteriorly misrouted axons often found their paths along the surface of the contralateral eye. In a few embryos, misrouting occurred even immediately after axons left the eye of origin. In these embryos, a subpopulation of RGC axons turned toward the ipsilateral tectum (3/180 of heterozygous crosses, data not shown) or extended anteriorly immediately after they left the eye and refasciculated in the anterior commissure (Fig. 4D, arrow) .
The sus mutant embryos were similar to those of the ogi mutants in phenotype in that axonal subpopulations showed multiple misroutings after branching. These subpopulations of RGC axons often extended posteriorly (Fig. 4E, arrow) . They even misrouted ventrally (Fig. 4F, arrow) or anteriorly (data not shown) occasionally.
The immunohistochemistry of acetylated tubulin at st. 31 indicated that cranial nerves were normal in the ogi (n ¼ 21; derived from heterozygous cross) and sus (n ¼ 14; derived from heterozygous cross) mutant embryos (data not shown).
The ogi mutant embryos were normal in gross morphology and were alive for at least two weeks after fertilization (data not shown). However, DAPI staining revealed a defect in the tectum of the ogi mutant embryos. The proliferation zone was reduced in size in the caudal or lateral margins of the tectum (Fig. 4B -D,B 0 , bracket) and a tissue gap was formed in the tectum in the caudal part of the proliferation zone (Fig. 4B -D,B 0 , arrowhead). Remarkably, a subpopulation of axons extended out of the tectal margin (Fig. 4B 0 , arrow) through this tissue gap (Fig. 4B 0 , arrowhead).
Serial cross-sections of DiI-DAPI-stained embryos were used to visualize the axonal paths in Class II mutant embryos (Fig. 4H -J,H 0 -J 0 ). In the wild-type embryos, after RGC axons crossed the midline, axons turned in a dorsoposterior direction and extended along the ventral surface of the diencephalon (Fig. 4H,H 0 , arrow) and eventually reached the contralateral tectum. In the ogi and sus mutant embryos, RGC axons reached a region near the midline without misrouting in most embryos (Fig. 4I,I 0 ,J,J 0 , arrow), but after crossing the midline their subpopulations branched our halfway to the tectum and deviated from the normal path (data not shown).
The layer structures in the retina appeared normal in both the ogi and sus mutant embryos (Fig. 4L,O) . The tectum was formed properly in the sus mutant embryos (Fig. 4P) . In the ogi mutant embryos, however, gaps in the tectum (Fig. 4O, arrow) and a thinner lateral proliferation zone (Fig. 4O, bracket) indicated in whole mutant specimens (Fig. 4B -D) were confirmed. The locations of these gaps in the tectum varied from the dorsoposterior to lateroposterior regions depending on the embryos.
The posterior tectum affected in the ogi mutant embryos was close to the midbrain -hindbrain boundary (MHB), which is known to be an organizing center for the patterning of the midbrain (Rubenstein and Puelles, 1994) . To determine whether the activity of MHB is normal in the ogi mutant embryos, we carried out whole-mount in situ hybridization for fgf8 at st. 29. In the ogi mutant embryos, the expression level of fgf8 was markedly reduced in the ventral half of the MHB (8/29 embryos from heterozygous crosses) (Fig. 5B, arrow) .
To characterize possible defects in the tectum of ogi mutant embryos, these mutant embryos were stained with anti-acetylated tubulin and anti-PCNA (proliferating cell nuclear antigen) antibodies at st. 39 (Fig. 6 ). In the ogi mutant embryos, the number of commissural axons that connect the bilateral tecta (Fig. 6A ,B, arrow) decreased and neuropiles that are located at the periphery of tecta (Fig. 6A 0 , B 0 , arrows) was aberrant. Cell proliferation at the region posterior to lateral tectum was markedly reduced (Fig. 6D,  D 0 , arrows), consistent with the local hypocellularity observed by DAPI staining (Fig. 4) .
sus mutant embryos had a short trunk, underdeveloped jaws, small eyes and a small brain (Fig. 5D,F) , although the notochord and the floor plate were morphologically normal (Fig. 5G) . The possibility that defects in axonal projection were caused secondarily by the morphological defects in the brain is not excluded.
The expressions of vax1 as an optic stalk and ventral diencephalon marker and shh examined by in situ hybridization at st. 28 in the ogi and sus mutant embryos were normal (data not shown).
Discussion
Retinotectal axonal pathfinding mutants in zebrafish and Medaka
The retinotectal axonal projection mutants of zebrafish screened in the 1990s had opened up a new avenue that lead to the understanding of axonal guidance mechanisms in vertebrates. The mutations leading to abnormal axonal paths to the optic tectum were different from those causing an altered topographic projection in the tectum, indicating that axonal pathfinding and topographic projection are regulated by different mechanisms. Many of the mutations of the former cause defects in activities associated with midline structures, for example, the floor plate, prechordal plate and notochord . Molecular cloning has revealed that the mutated genes detour, you-too, and Cyclops code for Gli1, Gli2 and Nodal-related proteins (Rebagliati et al., 1998; Karlstrom et al., 1999 Karlstrom et al., , 2003 , emphasizing the importance of midline signaling in contralateral axonal projection, whereas the discovery of the astray gene coding for the Robo2 protein (Fricke et al., 2001) correlates the vertebrate axonal pathfinding mechanisms to those found in Drosophila.
Medaka mutants affecting RGC axonal pathfinding described in the present study fall into two phenotypic classes. The Class I mutants have wrong routes of axons between the retina and the optic chiasm leading to axonal projection to the ipsilateral tectum, while the Class II mutants exhibiting an aberration of axonal routing between the chiasm and the tectum. As in zebrafish, no pathfinding Medaka mutants showed defects in topographic projection. However, in contrast to zebrafish, no axonal pathfinding Medaka mutants with obvious midline defects were isolated.
The comparison between Medaka and zebrafish mutants indicates that their phenotypes resemble significantly but are not necessarily identical. Fig. 7 shows schematically the phenotypes of Medaka mutants compared with the phenotypes of zebrafish mutants in Fig. 9 of the report of Karlstrom et al. (1996) . The phenotypes of Medaka Class I mutants are similar to those in zebrafish Class I mutants, and Medaka Class II mutants are similar to zebrafish Class V mutants, although there are differences in the details.
Mutations affecting the topographic projection of RGC axons were not identified in this screening. This may be due to the limited number of genomes screened. Another possibility is that mutations affecting the topographic projection of RGC axons may have caused early lethality. In the screening, RGC axons were examined in embryos just before hatching.
Zebrafish Class III and some of Class V mutations, which include the largest number of alleles, were underrepresented in the present screening of Medaka mutants. Most of these Class III and V zebrafish mutants were initially identified by the defects in neural crest derived xanthophores and general midline defects, respectively. In the present mutagenesis screen, xanthophore abnormalities were not evaluated, and some mutants defective in the midline structures might have died before the developmental stages when the screen for retinotectal projection was carried out, thus possibly giving some bias to the identified mutants. On the other hand, the mutagenesis screening carried out at a late stage of development might have helped us identifying mutations affecting mainly retinotectal axonal pathfinding. The differences in the mutant phenotypes between Medaka and zebrafish may be derived from multiple sources. Even though the molecular mechanisms for RGC axon guidance are basically similar between the two species, the molecular process highlighted by mutant phenotypes may have a species-dependent bias reflecting subtle differences in functional overlap within a system or in the timing of functional execution. Some processes unique to each fish species may also be involved. Understanding the molecular defects of these Medaka mutants, as well as understanding the possible diversity in gene function between species will contribute greatly to clarifying central processes guiding retinal axons to their correct targets.
Pathfinding toward and crossing the midline
In this screen we isolated mutations in three genes affecting the pathfinding of RGC axons toward the midline (Class I). In the fut mutant embryos, some axons branched out after reaching the ventrolateral edge of the diencephalon and projected to the ipsilateral tectum (Fig. 2F 0 , red arrow). This suggests that two attractive cues are competing in the pathway choice of RGC axons; one attracting axons to the midline and the other to the ipsilateral tectum. Mutant phenotypes indicate that either the relative strength of cues or their reception is altered in the mutants. An eye transplantation between the mutant and wild-type embryos may distinguish whether fut and dek functions are required for the guidance cue emission or the cue reception.
In the yad mutant embryos, on the other hand, some of the RGC axons turned toward the ipsilateral tectum at the midline. It was suggested that under normal conditions the growth cones of RGC axons are no longer attracted by the midline cue after passing through the midline but are attracted by the contralateral tectum cue (Dodd and Jessell, 1988) . This change in response of RGC axons to attractive cues somehow occurs in the yad mutant embryos, since the growth cones of RGC axons reach the midline and then proceed to the tectum. However, in these mutants a subpopulation of RGC axons possibly changes their response to attractive cues slightly earlier than normal, before crossing the midline, resulting in their projection to the ipsilateral tectum.
The molecular mechanisms underlying axonal guidance toward the midline and crossing the midline have been extensively studied in the vertebrate spinal cord as a model system Serafini et al., 1996) . In the vertebrate embryonic spinal cord, Netrin and Sonic hedgehog (Shh) are secreted from the floor plate and work as chemoattractants for commissural axons (Charron et al., 2003) . In the mouse, Netrin1 appears to guide RGC axons locally to exit from the retina (Deiner et al., 1997) . However, it is yet to be proven whether Shh or Netrin directly attract RGC axons toward the midline.
Zli that expresses shh has been suggested to be an organizing center in the thalamus (Zeltser et al., 2001) . The disappearance of shh expression in Zli in fut mutant embryos is thus noteworthy. One possibility is that the primary defects causing the Zli abnormality affected the RGC axonal growth. The same defect could have also affected forebrain development as indicated by abnormally positioned eyes (Fig. 3B,C) . Axonal paths of other cranial nerves were not affected in the fut mutant embryos.
The Medaka Class I mutants displayed similar but not identical defects to those of zebrafish Class I mutants. (1) In some zebrafish Class I mutant individuals, including detour and umleitung, axons turn to ipsilateral tectum after reaching the midline. The extent of axonal growth toward the midline was variable among the mutant individuals in zebrafish. Interestingly, all the Medaka yad mutant embryos showed this type of ipsilateral projection defects, although the number of embryos examined was small (4/23 from heterozygous crosses). Less phenotypic variability in yad mutant individuals might be due to the small number of embryos examined or detection of the phenotype at the later stages. Phenotypic variability among mutant embryos was not pronounced in fut mutants (11/64 from heterozygous crosses) as well, supporting the notion that yad and fut affect different guidance events. (2) In the rest of the zebrafish Class I mutants, axons turn to ipsilateral tectum immediately after exiting the retina as in fut mutant embryos. One possibility is that the cues attracting the RGC axonal growth cones toward the midline are lost in zebrafish Class I mutants. Indeed those zebrafish mutants showing ipsilateral RGC axonal projection generally have defects in the shh signaling pathway and/or midline structures such as the notochord and floor plate necessary for attracting. In contrast, in yad mutant embryos all RGC axons reach the midline, suggesting that attracting cues from the midline may be intact. Although Medaka Class I mutants do not show significant morphological defects along the midline, a possibility remains that a Hedgehog-related signaling defect is somehow involved in the mutant phenotype, and Zli abnormality of fut mutant embryos may imply this. (3) Whereas all RGC axons often project to the ipsilateral tectum in zebrafish mutant embryos, less than one-half of RGC axons do so in Medaka. This difference may be generated either by a difference in the severity of the mutational effect or in the way of functional overlapping in the integral mechanisms of RGC pathfinding between the two fish species.
In the dek mutant embryos, the optic stalk appears to be transformed into retinal tissues. The loss of optic stalks, through which RGC axons normally extend to the midline, may be the direct cause of the ipsilateral projection. pax2 mutants of zebrafish (noi) and mouse also lack optic stalks, and the ipsilateral projection of RGC axons takes place (Torres et al., 1996; Alvarez-Bolado et al., 1997; Macdonald et al., 1997) . Another possible cause of the ipsilateral RGC axonal projection in the dek mutant embryos could be the perturbation of morphogenesis of the ventral diencephalon hindered by surplus retinal tissues close to the midline.
The protrusion of the proximal retina was reported in blow out (blw) mutants of zebrafish and in zebrafish embryos injected with morpholino antisense oligonucleotides of the homeobox genes vax1 and vax2 (Take-uchi et al., 2003) , or mRNA encoding a dominant negative form of rtk1 (Xu et al., 1996) . In these mutant and manipulated embryos, RGC axons project ipsilaterally, but the abnormality of the retina in Medaka dek mutant embryos appears severer than that in zebrafish cases.
The penetrance of RGC axonal phenotypes is not 100%, sometimes lower than the expected Mendelian ratio. This may suggest multiple mechanisms participating in RGC pathfinding, and the loss of a single mechanism may be partially suppressed by other mechanisms.
Pathfinding from the midline to the tectum
In the Class II ogi and sus mutant embryos, multiple misrouting occurs mainly after leaving the chiasm. In contrast to the Class I mutants in which RGC axons project to the ipsilateral tectum, misrouted axons in Class II mutants do not project to the tectum. Integral signaling systems based on the functions of these genes expressed around the path of RGC axons should establish the path of these axons between the eye and the tectum, and mutations in one of these genes therefore may result in partial branching and misrouting of the RGC axons.
Of particular interest is that the multiple misrouting of RGC axons observed in the ogi or sus mutant embryos indicates a resemblance to the phenotype of astray zebrafish mutants in which the roundabout2 (robo2) gene coding for a Slit receptor is mutated (Fricke et al., 2001; Hutson and Chien, 2002; Richards, 2002) . In the Drosophila nerve cord, robo determines whether or not axons cross the midline, from which the repulsive ligand Slit is secreted. When axons are crossing the midline, Robo is expressed at a low level and thus they are insensitive to Slit, but after crossing, Robo becomes up-regulated (Seeger et al., 1993; Brose et al., 1999; Kidd et al., 1999) . However, it was indicated that in the visual system of zebrafish and mouse the role of SlitRobo signaling is primarily to prevent and correct pathfinding errors (Hutson and Chien, 2002; Plump et al., 2002) . Further analysis of Class II mutants described here should provide more information on the significance of the Slit -Robo signaling in visual system development.
Many genes involved in attraction and/or repulsion of axonal growth cones are expressed around the path of RGC axons such as netrin1, netrin2, semaphorin3D, slit2, slit3 (Macdonald et al., 1997; Shanmugalingam et al., 2000) . Mutations in any one of these genes could potentially result in the misrouting of RGC axons to multiple directions. A genetic linkage analysis of these candidate genes with ogi and sus mutations is underway.
The extensions of RGC axons beyond the posterior boundary of the optic tectum in the ogi mutant embryos (Fig. 4) suggest analogy to zebrafish ace mutants in which the fgf8 gene is mutated (Picker et al., 1999) . In ace mutant embryos, the absence of fgf8 expression in MHB which normally determines the posterior boundary of the midbrain, causes failure in the establishment of the anterior -posterior polarity of the midbrain, and RGC axons extend further posterior to the tectum. In the ogi mutant embryos, the expression of fgf8 in the ventral half of MHB was lost (Fig. 5) . It is, therefore, possible that the defective formation of MHB led to patterning defects in the posterior midbrain, resulting in the misprojection of RGC axons. The defect in fgf8 expression in the MHB in ogi mutants is similar to that in spiel-ohne-grenzen (spg) mutants in which a POU factor gene is mutated (Brand et al., 1996b; Belting et al., 2001 ). The analysis of RGC axonal paths in zebrafish spg mutants will be of interest.
Conclusion
We have isolated mutations affecting retinotectal axonal pathfinding in Medaka. The mutant phenotypes indicate that the mechanisms for axonal pathfinding are largely different between before and after the axonal growth cones cross the midline; Class I mutations affect the first step and cause the ipsilateral tectal projection of RGC axons, and Class II mutations affect the second step causing RGC axonal misrouting on the contralateral side. These mutant classes show good correspondences to two of zebrafish mutant classes I and V with abnormal retinotectal projection paths, but have significant differences at individual mutant levels. In zebrafish mutants, the abnormality belonging to Class I is largely caused by midline defects, but in Medaka mutants described here, ipsilateral axonal projection occurs without a gross alteration of the midline structures. One of Class I mutations causes the loss of shh expression in Zli, and one of Class II mutations causes the loss of fgf8 expression in the ventral half of MHB, suggesting the involvement of these signaling systems in the proper axonal pathfinding. We hope that the molecular analysis of these mutations currently underway will define new elements involved in the regulation of axonal pathfinding, and clarify the individual contributions of multiple signaling systems that define an axonal path.
Experimental procedures
Fish and maintenance
The Kyoto-Cab strain homozygous for the mutation in the b gene with reduced melanophore pigmentation was used to introduce mutations. Embryos were staged according to Iwamatsu (1994) .
Mutagenesis and screening
Mutations were induced in the founder male adult fish by treating with ENU (N-ethyl-N-nitrosourea). F3 embryos homozygous for induced mutations were generated by three-generation incrossing and screened. Fertilized embryos were incubated at 28 8C for 1 day and then incubated at 33 8C. At st. 39 (9 dpf at 28 8C, corresponding to 7 dpf at 33 8C), the chorion was removed by sequential treatment with pronase (4 mg/ml) and a hatching enzyme preparation. Embryos were fixed with 4% paraformaldehyde/PBS (phosphate-buffered saline) and placed in 1.2% lowmelting agarose gel/PBS. Under a microscope, lipophilic dyes, DiI and DiO (75 mg/ml in N,N-dimethylformamide), were injected into two positions diagonal to each other (nasodorsal, temporoventral) in the left eye, and specimens were kept at 28 8C overnight for the dyes to diffuse along the axons. Projection patterns and parts of labeled axons were recorded under a dissecting fluorescence microscope. Brain tissues were visualized by staining with DAPI (5 mg/ml in 1/3 PBS).
Histological analysis
After dye injection and DAPI staining, embryos were soaked in 6.8% sucrose/PBS (pH. 7.4) at room temperature overnight, then dehydrated with 100% ethanol for 10 min followed by vacuum pumping (30 mmHg) for 20 min. Embryos were soaked in Historesin Plus A (Basic Resin and activator (Leica, Germany)) at room temperature overnight. The next day, embryos were embedded in Historesin Plus B (Hardener and Historesin Plus A) and allowed to harden at room temperature for 3 h. Sections at 8 mm thick were made using a microtome. Sections were placed on an APS-coated glass slide with water at 40 8C and the cover glass was coated with a few drops of Eukitt. Sections were observed under either an Axioplan2 (Carl Zeiss, Germany) or a MZ APO microscope (Leica, Germany).
Whole-mount in situ hybridization
In situ hybridization was performed using digoxigenin (DIG)-labeled probes as previously described (Schulte-Merker et al., 1992) .
Immunohistochemistry
Embryos were fixed with 20% DMSO/80% MeOH at room temperature for 2 h, treated with 10% H 2 O 2 /20% DMSO/80% MeOH overnight at 4 8C to remove the pigmentation, and incubated with anti-acetylated tubulin (Sigma) and anti-PCNA (BD Pharmingen) monoclonal antibodies at 1:1000 dilution. An ABC kit (Vectastain) was used for detecting immunostaining.
